Channel catfish (Ictalurus punctatus) has been recognized as a dominant freshwater aquaculture species in the United States. It is also a suitable model for studying the mechanisms of sex determination and differentiation because of its sexual plasticity and exhibition of both genetic and environmental sex determination. The testicular differentiation in male channel catfish normally starts between 90 and 102 days postfertilization (dpf), while the ovarian differentiation starts early from 19 dpf. As such, efforts to better understand the postponed testicular development at the molecular level are needed. Toward that end, we conducted transcriptomic comparison of gene expression of male and female gonads at 90, 100, and 110 dpf using high-throughput RNA-Seq. Transcriptomic profiles of male gonads on 90 and 100 dpf exhibited high similarities except for a small number of significantly up-regulated genes that were involved in development of germ cell-supporting somatic cells, while drastic changes were observed during 100-110 dpf, with a group of highly up-regulated genes that were involved in germ cells development, including nanog and pou5f1. Transcriptomic comparison between testes and ovaries identified male-preferential genes, such as gsdf, cxcl12, as well as other cytokines mediated the development of the gonad into a testis. Coexpression analysis revealed highly correlated genes and potential pathways underlying germ cell differentiation and spermatogonia stem cell development. The candidate genes and pathways identified in this study set the foundation for further studies on sex determination and differentiation in catfish as well as other teleosts.
INTRODUCTION
The processes of sex determination and differentiation are tremendously diverse in teleosts, ranging from hermaphroditism and environmental sex determination to genetic sexdetermination. In most cases, the mechanisms of genetic sex determination of teleost fish are quite different from those of tetrapod, even though they originated from the same lineage about 450 million years ago and share approximately 70% of genome similarity [1] . Unlike in mammals and birds, where distinguishable sex chromosomes and master sex-determining genes are present [2, 3] , heterogametic sex chromosomes are only observed in around 270 species (less than 1%) of teleost fish, with about 70% of species being male heterogametic and 30% being female heterogametic [4] . A wide variety of genetic sex-determining mechanisms have been identified in teleost fish species, with various genes as the master sex-determining genes such as dmy in medaka (Oryzias latipes and O. curvinotus) [5, 6] , gsdf in O. luzonensis [7] , sdy in rainbow trout (Oncorhynchus mykiss) [8] , and amhy in Odontesthes hatcheri [9] . In addition to specific sex-determining genes, a single nucleotide polymorphism was reported to be responsible for sex determination in fugu (Takifugu rubripes) [10] and Nile tilapia (Oreochromis niloticus) [11] .
Channel catfish is the primary aquaculture species in the United States. It is also a great model for studying the mechanisms of sex determination and differentiation due to its extremely high sex plasticity. As a gonochoristic and male heterogametic species [12] , its sex is mostly controlled by genetic mechanisms. In addition, environmental factors such as temperature can also insert major perturbations to sex ratios. Thermal and hormone treatments during early period of gonadal differentiation can result in significantly biased sex ratios [12] [13] [14] . Feminization of channel catfish can be achieved by treatment of both aromatizable and nonaromatizable androgens until 21 days after yolk-sac absorption [12] . In contrast, masculinization by testosterone hormone administration is more difficult to achieve. A study of Davis et al. [15] revealed that a synthetic anabolic androgen, trenbolone acetate, can only suppress the development of ovary, resulting in sterile masculinized females. High temperature (348C) during early gonadal development also leads to increased ratio of females. Photoperiod is another environmental factor that regulates the gonadal recrudescence and regression via the pineal gland and eyes. Although it is not essential for gonadal differentiation and maturation, photoperiod influences sex ratios through its regulation of specific steroidogenic enzymes [16, 17] .
Dimorphic gonad growth is observed in channel catfish. Like in most other teleost species, its ovarian differentiation precedes with the formation of ovary cavity starting from 19 days postfertilization (dpf) [13] . In contrast, the onset of testicular differentiation starts much later, between 90 and 110 dpf [13] . The prolonged temporal dissociation between the ovary and testis indicates that these two events may be mediated by separate stimuli [13] . Somatic cells manifested as induced by expression of sexual specific genes and developed into seminiferous tubules as well as the surrounding connective tissues. Leydig and Sertoli cells were differentiated from the somatic cells in most teleosts, including Africa catfish (Clarias gariepinus) [18] [19] [20] [21] [22] . They are also expected to be present in channel catfish testes [23, 24] . The primordial germ cells (PGCs), as the permanent source for the germ cells would enter a fast proliferation stage and differentiate into spermatogonia during subsequent development. In spite of these observations on anatomical structures, little is known of the molecular mechanisms underlying sex differentiation in Ictalurus punctatus [25] . In this work, we conducted RNA-Seq using gonad tissues sampled at 90, 100, and 110 dpf from both males and females, with the objective of identifying potential genes and pathways that are involved in testicular differentiation. The results will set the basis for future use of molecular tools in channel catfish reproductive research toward improved bloodstock and spawning management.
MATERIALS AND METHODS

Ethics
Experimental protocols of animal care and tissue collection were approved by the Auburn University Institutional Animal Care and Use Committee. Three-year-old channel catfish with good sex maturity characteristics were harvested from the ponds (E.W. Shell Fisheries Research Center, Auburn University) for spawning. Females were injected with luteinizing hormone releasing hormone analog (LHRHa) at 100 lg/kg body weight. Females that are ready to ovulate were hand stripped to collect eggs. The artificial spawning, fertilization and husbandry procedures were conducted as described in Dunham et al. [26] and Su et al. [27] . Fish fry were reared in a 456 L trough (304 cm 3 60 cm 3 30 cm) with aeration (approximately 6 parts per million) and flowthrough well. The water temperature was 278C 6 18C with 8 to ;10 L/min water flow to control the ammonia and pH [28] . Fish fry were fed with the Aquamax Fry Starter100 (000-5553; Aquamax) to satiation daily.
Tissue Collection, RNA Isolation, Library Construction, and Sequencing At 90, 100, and 110 dpf, nine male and nine female fish were collected at each time point and euthanized with MS-222 (300 mg/L) buffered with sodium bicarbonate. Equal amounts of gonad samples were collected and flash-frozen in liquid nitrogen in À808C until RNA extraction. Gonad tissue samples of three fish were pooled as replicates and homogenized in liquid nitrogen with a mortar and pestle. Total RNA was extracted using RNeasy Plus Kit (Qiagen) according to the manufacturer's direction. The concentration and quality of RNA was measured using NanoDrop (Thermo Scientific) and Agilent Bioanalyzer. Equal amounts of RNA from the three replicates of the same time point of male or female were pooled for RNA-Seq library preparation. The remaining replicate pools were preserved as biological replicates for quantitative RT-PCR (RT-qPCR) validation.
RNA-Seq was carried out by Auburn University Sequencer Core Lab. The cDNA libraries were prepared using the Illumina TruSeq RNA Sample Preparation Kit (Illumina) following the manufacturer's protocol. The libraries were amplified with 15 cycles of PCR and contained TruSeq indexes within the adapters, specifically index 1-6. After quantitation with KAPA Library Quant Kits (Kapa Biosystems) and dilution, the amplified libraries were sequenced on an Illumina HiSeq instrument for 100 bp paired-end reads.
De Novo Assembly and Annotation
Raw reads were first subjected to quality control with CLC Genomics Workbench (version 7.0.5; CLC bio) to trim adaptor sequences, ambiguous nucleotides (the Ns at the end of reads), and low-quality reads (quality scores less than 20 or read length shorter than 30 bp). The remaining high-quality reads were then assembled using Trinity (version r2013-11-10) [29] . Short reads were performed with normalization procedure at 1003 targeted maximum k-mer (k with size of 25) coverage prior to assembling. The normalized versions of the reads were then assembled into unique contigs via greedy k-mer extension by Inchworm, and then related contigs were clustered and built into de Brujin graphs by Chrysalis. With the support of the read sequence and inner mate distance of paired-end reads, full-length transcripts of splicing junctions and paralogous genes were ultimately reported by the Butterfly module. The PASA assembly algorithm of Butterfly was adopted to balance the sensitivity for reconstruction of isoforms and the total number of transcripts reported. A further step to remove redundant contigs was performed by CD-Hit (version 4.5.4) [30] and CAP3 [31] , with thresholds of identity equal to 100% in CDHit, minimal overlap length of 100 bp, and identity of 99% in CAP3. The assembled contigs were aligned against the zebrafish reference protein database in GenBank, nonredundant (NR) protein database, and Swiss-Prot database using BLASTX searches (BLASTALL version 2.2.24) with the cutoff E-value 1EÀ5. The coding regions of assembled transcripts were predicted using TransDecoder (version r2013- . Potential open reading frames were extracted with a minimum length of 100 amino acids and identified by searching against Pfam database. The result was integrated with BLAST results as complementary annotations.
Differential Expression and Co-expression Analysis
Short reads alignment and expression abundance estimation were performed via CLC Genomics Workbench. The high quality reads from each sample were mapped onto the assembled transcripts separately, with the threshold of similarity fraction as 0.8 and length fraction as 0.9. After abundance estimation for each transcript, a median-based scaling normalization was performed on the RPKM values for pairwise comparisons among samples. Differentially expressed genes (DEGs) were determined based on proportionsbased Kal test [32] with an absolute proportion fold change !2 and false discovery rate (FDR)-corrected P values , 0.05.
All the DEGs were hierarchically clustered with respect to their expression patterns in all six samples. Co-expression analysis was conducted on the clustered genes to calculate their co-expression similarities and network topological overlap matrix by using WGCNA (version 1.47) [33, 34] . Finally, comprehensive networks of each cluster were constructed and analyzed via Cytoscape (version 3.2.1) [35] .
Gene Ontology Enrichment and Functional Analysis
Differentially expressed transcripts with the specific expression patterns were analyzed separately via Ontologizer 2.1 [36] to profile their major biological processes or molecular functions. Gene ontology (GO) terms of each gene were assigned by using zebrafish annotations for the unigene set. The overrepresented GO terms in each cluster of DEG set compared to the reference assembly were identified using the parent-child-intersection method with Benjamini-Hochberg multiple testing correction [37] and a threshold of FDRcorrected P , 0.05.
Experimental Validation by Quantitative Real-Time RT-qPCR
We randomly selected 23 genes for RT-qPCR validation that exhibited differential expression patterns and that were of interest as revealed by functional enrichment and pathway analysis. Primers of these genes were designed according to the assembled transcripts via Primer6 (Premier Biosoft International) (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). Reverse transcription were performed using the qScriptTM cDNA Synthesis Kit (Quanta Bioscience) according to the manufacturer's instruction. All the cDNA products were diluted to 250 ng/ll and utilized for the quantitative real-time PCR reaction using the PerfeCTa SYBR Green SuperMix (Quanta Bioscience) on a CFX96 real-time PCR Detection System (Bio-Rad Laboratories). The profile of thermal cycling for PCR reactions invoked an initial denaturation at 958C for 30 sec, 40 amplification cycles with a denaturation temperature at 958C for 5 sec, an extension temperature at 588C for 5 sec, and an additional temperature ramping step from 658C to 958C to produce melting curves of the reaction. Test PCR were performed in advance to ensure all the genes were amplified with the expected PCR product sizes. A no-template control was run on all plates. The generated raw fluorescent data were imported into LinRegPCR (version 2016.0) for baseline correction and to estimate amplification efficiencies for each amplicon. Four potential endogenous reference genes-18S, 28S, gusb, and tbp-were tested for their expression stability. The calculated starting concentrations of these four genes were imported into NormFinder (v0.953) to rank the stability value and select the optimal endogenous reference genes. The relative expression ratio of a target gene was calculated by Pfaffl method [38] . The results of investigated genes were subsequently tested for significance by a randomization test.
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RNA-Seq was conducted using gonad samples of male and female channel catfish at 90, 100, and 110 dpf, corresponding with the period of male gonad differentiation [13] . A total of 435.3 million reads with read length of 100 bp were generated. After trimming, a total of 369.9 million clean reads were retained for further analysis (Table 1) . A total of 213.54 million and 156.36 million clean reads were obtained from male and female gonad tissues, respectively. The sequence data were deposited at the National Center for Biotechnology Information Sequence Read Archive with Accession SRP067841.
De novo assembly of all the short reads from both male and female gonads produced 370 718 contigs with N50 size (i.e., contig that has at least half of the total sequence length) of 1993 bp, of which 91 744 are contigs with length greater than 1000 bp. After removal of redundant sequences, a total of 363 523 unique contigs were retained for further annotation and expression analysis (Table 2) .
Transcriptome Annotation
The transcriptome assembly was annotated by performing BLASTX searches against National Center for Biotechnology Information zebrafish reference proteins, Swiss-Prot database, and NR database. With zebrafish reference proteins, a total of 108 012 contigs had significant BLASTX hits to a total of 18 319 unigenes. A total of 111 002 contigs had significant hits to the Swiss-Prot database with 18 178 unigenes, and a total of 116 075 contigs had significant hits to 24 595 unigenes with the NR database (Table 3) . Taken together, a total of 127 824 contigs were annotated, and 25 430 unigenes were identified from this gonad transcriptome assembly (Table 3 and  Supplemental Table S2 ). The sequences of 25 430 unigenes were deposited at GenBank Transcriptome Shotgun Assembly under Accession GELA00000000. The annotated transcriptome assembly mapped to a total of 54 GO terms including 22 (40.7%) biological process terms, 15 (27.8%) cellular component terms, and 17 (31.5%) molecular function terms (Supplemental Fig. S1 ).
Analysis of DEGs
We first conducted principal component analysis to determine the variance attributed to sex versus the three sampling times (Fig. 1 ). The distribution of variance confirmed the relevance of the data: samples from two sexes were separated by the first axis that explained 73% of expression variability, while samples from the three sampling times were separated by the second axis that explained 11% of the expression variability. Drastic expression differences were observed between male gonads sampled from 100 and 110 dpf, reflecting that major events of testicular development occurred during this period. More differences were observed with female gonads, indicating that ovary have a faster developmental rate during this stage.
To identify DEGs between male and female gonadal tissues, pairwise comparisons were conducted on three time points separately. A total of 2394, 2688, and 2117 DEGs were identified at 90, 100, and 110 dpf, respectively (Fig. 2 , Table 4 , and Supplemental Table S3 ). Notably, the largest number of DEGs was identified at 100 dpf, while a smaller number of DEGs were found at 110 dpf, suggesting that the major events for male gonad differentiation have already taken place by 110 dpf. To follow the transcriptome profile changes during the sampling time points, expression data in 100-dpf and 110-dpf male gonads were compared with that of 90-dpf male gonads (Table 5 and Supplemental Table S4 ). Larger number of DEGs were identified at 110 dpf than at 100 dpf in the male gonad (Fig. 3) ; only 55 DEGs were identified when comparing the 100-dpf samples with the 90-dpf samples, with 26 genes being up-regulated and 29 being down-regulated. Conversely, a total of 457 genes were identified as DEGs on 110 dpf as compared to 90 dpf, of which 238 were up-regulated and 219 were downregulated (Table 5) . Expression data in 100-dpf and 110-dpf female gonads were compared with that of 90-dpf female TRANSCRIPTOME DISPLAY OF DEVELOPING CATFISH GONADS gonads. More DEGs were identified, with 482 at 100 dpf and 771 at 110 dpf (Table 5 and Supplemental Table S5 ).
Analysis of Expression Patterns and Gene Pathways
The identified DEGs were hierarchically clustered to identify genes expression patterns (Fig. 4) . The clear contrast between the two sexes revealed a difference in the dynamics of the transcriptomic profiles during gonadal ontogeny. Genes of the hierarchical cluster were merged into eight major clusters according to their distance (Fig. 5) . DEGs from clusters with similar expression patterns were used as inputs to Ontologizer 2.1 for enrichment analysis. With a threshold of FDR-corrected P value , 0.05, the overrepresented GO terms highlighted process and pathways that included cell fate determination, signal transduction, and translational process (Table 6 ).
Co-expression and Functional Analysis of Clusters 1 and 3
Gene in clusters 1 and 3 exhibited similar expression patterns: they were highly up-regulated in 110-dpf testes but steadily expressed in ovaries. Co-expression analysis classified these genes into seven subgroups based on their co-expression similarities and topological overlaps (Supplemental Table S6 ). Three of the seven subgroups were significantly associated with sex differentiation patterns as revealed by module significance. The network of these subgroups was constructed with the edge length weighted by their adjacency coefficients (Fig. 6) . Genes of the same subgroup were closely gathered. The three subgroups were connected through several key nodes that were identified as genes that play central roles in decision making between mitosis and meiosis, such as nanog and pou5f1.
Genes within a subgroup were functionally related. The blue subgroup centered by furina is mainly related to chromosome organization and regulation of cell differentiation. For instance, tdrd3, tada3, ep300, and hira are all involved in transcription regulation via modification of histones; mov10l1, piwil1, tdrd9, and fxr2 were related to mRNA binding and regulation of translation; chtf18 and paf were involved in maintaining genomic integrity during cell division; and furina belongs to the family of proprotein convertases and catalyze the proteolytic maturation or activation of multiple proteins, including growth factors, signaling receptors, as well as several metalloproteases. Its expression is associated with multiple development events, such as axial rotation in the embryo, angiogenesis, and differentiation of intestinal epithelial cell and gastric surface mucous cells [39] .
The black subgroup is mainly related to gametogenesis and transcription regulation. Center gene numa1 participates in the alignment of mitotic spindle to cellular polarity axis during cell division. Periphery genes like stk11, med29, figla, and lrwd1 were also related to cell division and establishment of cell polarity.
The brown groups of genes were involved in mitotic cell cycle and reproduction. Centered gene lin37 and mis12 were implicated in mitosis and cell division process. Lin37 encodes a component of Lin complex, a transcription activator of multiple genes that is involved in G2/M transition. Mis12 encodes a component of Mis12 kinetochore complex that is required for chromosome alignment and segregation during mitosis. Another highly connected gene zglp1 encodes a repressor of GATA transcription factor in somatic cells of developing gonads and is required for germ cell development. Genes involved in oogenesis were also identified in this group, for example, taf4 constitutes the transcription factor IID (TFIID) and facilitates assembly of transcription complex and Umodl can be induced by gonadotropin [40] . The highly correlated expression suggested their potential roles in modulation of spermatogenesis.
Co-expression and Functional Analysis of Clusters 2, 5, 7, and 8
Genes of clusters 2, 5, 7, and 8 exhibited a similar pattern. The overall expression level was higher in male gonads, while the expression variance was relatively small in each sex. Coexpression analysis revealed that five of the 11 subgroups were significantly associated with sex differentiation patterns as revealed by module significance. According to the constructed network (Fig. 7) , the five subgroups gathered into two major sets. The brown and the pink subgroups were highly connected, while the turquoise, purple, and red subgroups were highly connected. Genes on the intersubgroup edges were mainly cytokines and transcription factors involved in signaling transduction, while genes on the intrasubgroup edges were functionally related. 
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Genes of the brown subgroup were generally implicated in regulation of cell communication. For instance, rab39b, mapre1, rit1, cyba, arl15, arhgdib, and arhgef3 were involved in small GTPase-mediated signal transduction. Acap2, ccr7, p2ry12, erreif1, and arhgap27 were recruited in the regulation of Rho protein signal transduction. Tmem106b, timp2, hbegf, ei24, olfm4, il6r, rel, grina, and rac2 were involved in the regulation of cellular responses to growth factors, steroid hormones, as well as other effectors. 
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Genes of the pink subgroup were related to cell differentiation and anatomical structure development. Center gene son encodes a nucleic acid-binding protein that can serve as an mRNA-splicing cofactor and transcription factor. Its phosphorylation levels are regulated by Egf [41] . It could also interact with NHR4 domain and plays an indispensable role in cell growth [42] . Periphery genes sema3f, s1pr1, ccl25, fut7, and cd63 were involved in cell motility and adhesion, while foxk2, tcf7l2, id2, flnc, and maff were employed in anatomical morphogenesis and structure development.
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were implicated in the regulation of Rab protein signal transduction; fxyd5, map3k8, ctyip, cyth2, grap2, gi24, foxj1, and emp2 were related to the regulation of cell adhesion; and parvg, elmo1, arf6, and rhof were recruited in actin cytoskeleton organization.
Co-expression and Functional Analysis of Cluster 4
Genes in cluster 4 had preferential expression in females; they were expressed in a stable level in testes while being upregulated in ovaries. Subsequent co-expression analysis revealed that genes in this cluster share less similarities, and only a small part of the genes can be gathered into five subgroups. Two of the subgroups were significantly correlated with the divergence between male and female gonads. From the constructed gene network, the connection between the two subgroups is weak (Fig. 8) . Searching the function of the involved genes revealed these genes were mainly related to protein metabolic process and cell cycle regulation ( Table 6 ). The eif2b5 encodes a subunit of eukaryotic translation initiation factor 2B (Eif2b), which play a central role in translation. It works in parallel to heat shock proteins in protecting protein synthesis from cellular stress. Mutations in eif2b5 results in white-matter disease-associated ovarian failure [43] . The female-biased expression patterns suggest that it is also important in fish ovarian development. Other genes that include eif3c, mrpl18, and kdm5c were also involved in protein metabolic process. Mta1 and ctnna1 were implicated in hormone regulation. Mta1 was also implicated in regulation of estrogen-signaling pathways. It binds with estrogen receptor (ER) and enhances nongenomic responses of ER [44] .
Functional Analysis of Cluster 6
Genes of cluster 6 were expressed highly only at 100 dpf in the male but almost had the opposite direction of regulation in the female, that is, those with high expression in the males had low expression in the females. This cluster encompassed only six genes: ctsl, lgals1, fabp6, fabpl, fxyd1, and plac8. Ctsl encodes a cysteine protease and is involved in intracellular protein degradation and proprotein processing. It is also required for spermatogenesis [45] and expressed in a stagespecific manner in Sertoli cells [46] . Multiple functions have been reported for galectins that interact with cell surface glycoproteins and induce cell differentiation, apoptosis, and inflammation [47] [48] [49] [50] . Lgals1 was shown to modulate cell TRANSCRIPTOME DISPLAY OF DEVELOPING CATFISH GONADS adhesion according to the cell's type and developmental stage [51] [52] [53] . A member of galectins, galectin-3, was hormonedependent and was expressed in a stage-specific manner in human testis [54] . Fabp6 and fabpl were implicated in fatty acid transportation and cooperate with peroxisome proliferatoractivated receptor (PPAR) family members in regulating the transcription of multiple genes related to lipid metabolism [55] . Several members of fatty acid-binding proteins are localized in Leydig cells and Sertoli cells and are implicated in steroidogenesis with a stage-specific manner [19, [56] [57] [58] . Fxyd1 encodes an ion channel regulator protein [59, 60] and is evoked by gonadotropins in steroidogenesis [61] . Plac8 was first found in trophectoderm of preimplantation embryos and spongiotrophoblast of developing placenta [62] . Further studies revealed its role in cell differentiation and proliferation [63, 64] . Taken together, the dominant expression genes of cluster 6 at 100 dpf 
Real-Time RT-qPCR Validation
To validate the DEGs identified by RNA-Seq, we selected 23 genes for RT-qPCR validation. These genes were chosen from those with differential expression patterns and were of interest as reveled by functional enrichment and pathway analysis. After estimation of the expression stability of four candidate reference genes, the optimal combinations of reference genes were selected for normalization (Table 7) . For comparison of male and female gonads at 90 dpf, the most stable ones were tbp and 18S. The geometric mean of these two reference genes were used for normalization. For comparison of male and female gonads at 100 and 110 dpf, 18S and gusb were selected as the normalization genes. For comparison of male gonads between 90 and 110 dpf, the stability value of gusb was smaller than that of the best combination of two genes. Therefore, gusb was used as the reference gene. The RT-qPCR results correlated well with the RNA-Seq results at three sampling times (correlation coefficients 0.923, P ,0.001), suggesting that digital presentation of short reads in RNA-Seq accurately reflects the transcriptome profiles (Fig. 9) .
DISCUSSION
The initial gonadal differentiation phase is a key developmental stage in gonochoristic fish during which the gonadal primordium lose its intersexuality and the phenotypic sex is fixed for the rest of the fish's lifespan. In channel catfish, testicular differentiation starts between 90 and 102 dpf [13] . Morphological studies revealed several major physiological events during this stage, including formation and elongation of sperm efferent duct, multiplication and differentiation of PGCs and supporting somatic cells, and early signs for the spermatogenesis. To contribute to the knowledge base at the molecular level, we conducted RNA-Seq analysis to identify gender differences associated with gonadal development and differentiation in channel catfish. In this study, de novo assembly generated a high-quality reference transcriptome assembly of contigs that had significant matches to 25 430 unique proteins. The in-depth sequencing allows for the assessment of global gene expression profiles. To validate the RNA-Seq results, we conducted RT-qPCR on 23 genes with different expression patterns and functions related to reproduction. The result of the RT-qPCR showed a significant correlation with RNA-Seq results, suggesting the reliability of RNA-Seq for gene expression analysis.
In this study, over 4000 genes were identified as being differentially expressed in male and female gonads at 90, 100, and 110 dpf. DEGs with different expression patterns were clustered and categorized into broad functional categories according to GO analysis and manual annotation. DEGs of clusters 1 and 3 that are highly up-regulated in testes on 110 dpf may be responsible for germ cell development and spermatogenesis, while DEGs of clusters 2, 5, 7, and 8 have a constant expression level in male samples and might correspond to testicular stromal development. Several impor- * GO, gene ontology; ID, identification number; FDR, false discovery rate; DEG, differentially expressed gene. a The differentially expressed genes with three major expression patterns (clusters 1 and 3; clusters 2, 5, 7, and 8; cluster 4) were analyzed as the study set, separately. b Population count is the number of GO term associated genes in the population gene set. c Study count is the number of GO term associated genes in the differentially expressed gene set. d FDR P value , 0.05 was considered significant. TRANSCRIPTOME DISPLAY OF DEVELOPING CATFISH GONADS tant processes or pathways were likely involved in mediating the catfish testicular differentiation, as discussed below.
Germ Cell Development
Transcription factors nanog and pou5f1 were identified as key nodes in the co-expression network. They are precisely regulated in the embryonic stem cells. They control multiple downstream transcription factors and epigenetic modifiers that maintain pluripotency of stem cells and determine the initiation of cell lineage specification. The mutual regulation mediated the erasure of parental imprinting during the migration of PGCs. Studies of mouse testes revealed that nanog and pou5f1 are stage-specifically regulated in seminiferous epithelial cycle [65] . In the co-expression analysis results, a set of genes involved in chromosome organization, transcription regulation, and cell differentiation were coregulated with nanog and pou5f1, suggesting their potential role in catfish germ cell development.
The process of gametogenesis in male catfish consists of two general phases, spermatogenesis and spermiation. During the phase of spermatogenesis, spermatogonia proliferate, differentiate, and finally specialize into flagellated spermatozoa. In subsequent phase of spermiation, which occurs during spawning season, spermatozoa are released into efferent duct as a consequence of the loss of junctions with Sertoli cells and secretion of seminal fluid by seminal vesicle [66] . Many genes in testis that related to meiosis and germ cell structural specialization were enriched in 110 dpf, including mov10l1, piwil1, tdrd9, spaca4, org, zp3, zar1, and others. Piwiinteracting RNAs (PiRNAs) and Piwi proteins were found to be testes-preferentially expressed in catfish in agreement with previous studies [67, 68] . PiRNAs mov10l1 and Piwi proteins piwil1 are of great importance in male germline development: they mediate DNA methylation and silence of retrotransposon genes during meiosis. Tdrd9 encodes an ATP-binding DExHbox helicase that forms complexes with piRNAs and Piwi proteins to govern retrotransposons activity in germline cells to protect genome integrity. Rnf17 belongs to the Tudor family and controls the piRNA content in adult gonads. Interestingly, org, zp3, zar1, and figla have been primarily associated with ovary tissue and were found to be play roles in fertilization [69] [70] [71] [72] , but it is suggested here that these genes also play potential roles in catfish germ cell development.
Nfkb2 and rel were found to exhibit preferential expression in testis. They both belong to the Rel/NFjB family and regulate transcription by binding to corresponding jB sites in the promoters of various target genes. Nfkb2 is known to interact with androgen receptor and other nuclear receptors [73] [74] [75] [76] . In rat, it is expressed in the nucleus of Sertoli cells during spermatocyte development and shows prominent abundance in the pachytene stage [77] .
Testis Somatic Cells Proliferation and Differentiation
Several genes involved in TGF-b family signaling pathways, including gsdf, tgfbr2, and acvr1, were significantly upregulated in male gonads. Besides, prostate stem cell antigen (psca), which contains an activin type I and II extracellular receptor domain [78] , was also predominantly expressed in testis. The androgen responsive element within its promoter region suggests that it is androgen regulated [79] . Signals triggered by TGF-b ligands interplay with insulinlike growth factor (Igf), retinoic acid (RA), mitogen-actived protein (Mapk), as well as other cytokines. They play central roles in the generation of embryonic axes, specification of germ layers, formation of left-right asymmetry, and body patterning. TGF-b family members such as amh and gsdf are also of great importance in sex determination and gonadal somatic cell development.
Gsdf was observed in catfish gonadal samples with a malepreferential expression pattern (Supplemental Table S3 ). Studies in rainbow trout (O. mykiss) revealed its gonadal somatic cell-specific expression pattern [80] . It co-expressed with sex-determining gene dmy in somatic cells during early testicular differentiation in O. latipes and O. curvinotus [7] . Gsdf was suggested to play important roles in sex determination. In O. luzonensis, gsdf was located in the sex determination region and showed higher expression prior to dmy during sex differentiation [81] . Other studies also revealed its function in 
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controlling the proliferation of PGCs and spermatogonia [82, 83] . In this study, its male-biased expression also suggested it was required in early testicular development (Supplemental Table S3 ).
RA is a key morphogen implicated in various development processes. RA and TGF-b family of ligands both play central roles in cell proliferation and differentiation. Decades of studies have shown the cross talk between these two signaling pathways [84, 85] . They interact closely in organogenesis [86, 87] , epidermal squamous differentiation [88] , and growth of multiple types of cells [89, 90] . Heterodimers formed by RA and its nuclear receptors regulate the transcription activity of genes with RAR elements (RAREs) and RXR elements (RXREs), which is essential to specifying cell identities. Recent studies have emphasized the roles of the retinoidsignaling pathway in male reproduction. Testicular RA is separated from blood circulation by a catabolic barrier of RAdegrading enzymes [91] [92] [93] . The timing for RA activity is regulated tightly during differentiation of gonadal somatic cells and seminiferous epithelium [94] . Sertoli cells and Leydig cells are believed to be the morphogenic center [95] . Additionally, signals through the retinoid pathway also promote testosterone production [96, 97] and spermatogonia differentiation [93, 98, 99] . In this study, several genes involved in the RA-signaling pathway were up-regulated in the male gonad, including retinoic acid receptor gamma-A (rarga), retinol dehydrogenase 3 (rdh3), putative all-trans-retinol 13, 14-reductase (retsat), and epidermal retinol dehydrogenase 2 (sdr16c5). RA target gene erythropoietin (epo) also exhibited preferential expression in the male gonad. EPO is the primary stimulator for hematopoiesis and acts as a neuroprotector in the brain [100] . Recently, it was reported to induce the differentiation of Sertoli cells and peritubular myoid cells in murine testes [101] . As one of the direct targets of the RA-signaling pathway, epo is demonstrated to process RARE, which exhibits binding activity with all three isotypes of RARs [102] . Studies on murine testes also indicated that mRNA level of epo is modulated by FSH and testosterone [101] . The expression level of EPO receptor (epor) in catfish testes is up-regulated with RA and IGF signaling, suggesting its role in mediating the RA-signaling pathway in teleost testicular differentiation.
Spermatogonia Stem Cells Niche Formation
Studies have shown that testicular differentiation is more dependent on the development of gonadal somatic cells rather than germ cells [103, 104] . The differentiation of gonadal somatic cells could be triggered toward male development in the absence of germ cells in most of species [105] , whereas the differentiation of gonocytes is dependent on the gonadal somatic cells in testes. In Drosophila and mammals, only gonocytes that locate at the spermatogonia stem cells (SSCs) niche start asymmetric division [65, 106, 107] . In most vertebrates, differentiated Sertoli cells and Leydig cells are required in the process of spermatogenesis. In channel catfish, testes formation of multilobed anatomical structure occurs earlier than germ cells differentiation [13] , indicating that development of gonadal germ cells is also regulated by their surrounding supportive cells. Genes of clusters 2, 5, 7, and 8 exhibited constantly higher expression levels in male gonads, suggesting these genes may contribute to the development of the gonad into a testis. Functional enrichment analysis revealed that genes of these clusters are mainly related to cell communication, anatomical structure development, and angiogenesis. Cxcl12, ccr4, ccl3, kras, rheb, gng2, and sstr2 were related to cellular response to chemokine and peptide hormone. Reconstruction of mouse SSCs stem revealed that chemotactic factors, especially cxcl12, is required in SSC homing [108] . Studies on mouse SSCs also showed cxcl12-cxcr4 signaling is essential for the self-renew ability and maintenance of SSCs G1/S-specific cyclin-D2, ccnd2; Claudin-3, cld3; Doublesex and mab-3 related transcription factor 2b, dmrt2b; Erythropoietin receptor, epor; Follistatinrelated protein 1, fstl1; Gelsolin, gels; Gonadal somatic cell derived factor, gsdf; Insulinlike growth factor 2a, igf2a; Mitogen-activated protein kinase kinase kinase 8, m3pk8; Matrix metalloproteinase-9, mmp9; Ras-related C3 botulinum toxin substrate 2, rac2; Retinoic acid receptor gamma-A, rarga; Retinol dehydrogenase 3, rdh3; Proto-oncogene c-Rel, rel; Sperm acrosome membrane-associated protein 4, saca4; Transcription factor SOX-11, sox11; Sperm flagellar protein 2, spef2; TGF-beta receptor type-2, tgfr2; Tumor necrosis factor receptor superfamily member 1A, tnr1a; GATA-type zinc finger protein 1, zglp1. Asterisk indicates statistical significance at P , 0.05. TRANSCRIPTOME DISPLAY OF DEVELOPING CATFISH GONADS [109] . Ggt1 and ggt5 were predominately observed in the male gonad. Gamma-glutamyl transferase genes are widely expressed in the male reproductive axis of several species [110, 111] ; they are essential for catalyzing the transfer of gammaglutamyl moiety of glutathione and maintaining the intracellular cysteine and glutathione pools. Depletion of ggt in male mice results in hypoplasty of seminal vesicles and alterations of hormone levels in the serum [112] .
Neuroendocrine regulation of growth mediated by Igfsignaling pathway was also activated in the male gonad. In this study, several genes involved in Igf-signaling pathway were testis biased but gradually down-regulated along with SSC differentiation, including collectrin (tmm27), Igf-binding protein 5B (igfbp5b), Igf II protein-tyrosine kinase 2b (ptk2b), and calpain small subunit 1 (capns1). IGFs are primarily produced in the liver as well as some extrahepatic sites like the gonad. When they are stimulated by growth hormone from the anterior pituitary, they are released into the circulation to regulate cell proliferation and differentiation via Ras/extracellular signalregulated kinase signaling pathways [113, 114] .
Ectoplasmic Specialization in Developing Testes
Ectoplasmic specialization (ES) involves actin-related hybrid anchoring and tight junctions confined to the testis. The process is localized to the interface of somatic cells and gonadal cells, which can be divided as basal ES and apical ES. Basal ES is of paramount importance in the formation of bloodtestis barrier, while apical ES facilitates the timely movement of germ cells within the seminiferous epithelium. ES-mediated cell junctions play an important role in gonadal somatic cell organization and germ cell development. As indicated by Cavicchia and Sacerdote [115] , formation of inter-Sertoli junctions is temporal-spatially simultaneous with gametogenesis in rats. Sertoli cells and germ cells in teleost also possess a close morphological and functional communication similar to that found in mammals [116] . In the current dataset, multiple members of claudins, actins, myosins, gelsolins, cadherins, matrix metalloproteinases, and other genes implicated in integrin-mediated signaling pathway were preferentially expressed in the male gonad, suggesting the process of ES is associated with the development of gonadal somatic cells. Claudins are one group of the major transmembrane proteins. Their extracellular part form tight junctions between the adjacent Sertoli cells, and their intracellular tail are linked to actin chains via myosins and other molecules. Gelsolins bind to the plus end of actin monomers and regulate the assembly of actin filaments. The synthesis or decomposition of F-actin in turn affects cell adhesion. Cadherin mediates calcium-dependent cell-cell adhesion, which is an important component in ES. Sertoli and germ cells are known to synthesize and release cytokines like Tgfb and Tnfa [117] , which facilities cell migration. As a consequence, transcription factor complexes regulate a subset of genes related to disruption of blood-testis barrier and ES. Tnfa binds with Tnfrsf1a and activates Cdc42 and Rac-MKK-JNK signaling route to inhibit the polymerization of F-actin. Cdc42 controls migration of diverse cells, including embryonic stem cells, fibroblast cells, dendritic cells, and hematopoietic progenitor cells. Matrix metalloproteinases contributes to degradation of interstitial matrix [118] , which is essential in cellular movement and tissue morphology. Studies on gilthead seabream have demonstrated that mmp9 is highly expressed in testis and is vital in cyclical remodeling and migratory events of testicular cystic structure and acidophilic granulocytes [119] .
In this study, we chose 90, 100, and 110 dpf, three developmental time points, to investigate the specific events that trigger testicular differentiation. Transcriptomic profiles of male gonads on 90 and 100 dpf exhibited high similarities except for a small number of significantly up-regulated genes that are involved in the development of germ cell support of somatic cells. In contrast, drastic changes were observed during 100 to 110 dpf, with a group of highly up-regulated genes being involved in germ cell development, including nanog and pou5f1. Transcriptomic comparison between testes and ovaries identified male-preferential genes, such as gsdf, cxcl12, as well as other cytokines mediating the development of the gonad into a testis. Subsequent co-expression analysis constructed interactive networks of highly correlated transcription factors and histone modifiers that modulated the differentiation of germ cells and development of SSCs. This work has brought a broad understanding of the global gene expression profile during early gonadal development in catfish, providing early insights into the potential processes and pathways related to sex differentiation. Together with the recently generated channel catfish reference genome sequence [120] , the results will set the basis for the future use of molecular tools toward improving bloodstock and spawning management as well playing a role in sex determination studies in the catfish.
